The objective of the study was to revise a model of P kinetics proposed by Vitti et al. (2000) and extend its use to study Ca flows in growing sheep. Twelve Santa Ines male sheep, 8 mo of age, with average BW of 31.6 kg were injected with 32 P and 45 Ca to trace the movement of P and Ca in the body. The original model had 4 pools representing the gut, plasma, soft tissues, and bone. In the revised model, instantaneous values rather than averages for pool derivatives were incorporated, and the model was extended to represent absorption and excretion of phytate P explicitly. The amendments improved the model, resulting in higher flows between plasma and bone than between plasma
INTRODUCTION
Phosphorus metabolism has been studied for many years, but the current environmental focus has increased interest in this mineral (Valk et al., 2000) . Moreover, excess P excreted in feces represents an unnecessary cost to farmers. Knowledge about the mineral content of feedstuffs and P quality, as well as understanding of P kinetics, is beginning to affect P supplementation (Bravo et al., 2003) .
Calcium can influence P utilization because of their close metabolic relationship (Tamim and Angel, 2003) . These minerals are present mainly in bone as hydroxyapatite salt and are mobilized when an animal's requirements are not met by the diet. Chapuis-Lardy et al. (2004) suggest that limestone used as a Ca supplement in the diet can affect fecal excretion of Ca and P because 1 The authors thank Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP Proc. 03/04792-7) for financial support. and tissue and, therefore, a more accurate representation of P metabolism. Phosphorus and Ca metabolism were then assessed conjointly using the revised model. The results showed that P and Ca metabolism are closely related as evidenced by the ratio of these minerals in the bidirectional flows between plasma and bone and between plasma and tissue. Phytate P digestibility was 47%, and P retention was negative (−1.4 g/d), suggesting that a feed characteristic impaired P utilization and led to P deficiency. The revised model provides an improved prediction of P and Ca metabolism that can be used to assess mineral requirements and to estimate losses to the environment.
of Ca-P complex formation along the digestive tract reducing the bioavailability of both minerals.
Diets based on cereal grains are used to promote rapid growth of ruminants. However, incorporation of cereals in diets leads to an increase in phytate P content, making it necessary to evaluate phytate digestibility by ruminants fed cereal-based diets. Phytate P is hydrolyzed by phytase produced by microbes in the rumen; nevertheless, enzyme efficiency can be altered by different factors such as feed treatment (Bravo et al., 2002) , presence of Ca and Mg (Dutton and Fontenot, 1967) , rumen pH, and amount of phytate P in the diet (Ellis and Tillman, 1961) .
The use of isotope dilution techniques provides information on endogenous P, which represents a large part of P excreted in feces. Moreover, it is possible to study P kinetics and improve models of P metabolism by using these techniques. A 4-pool model for studying P kinetics was proposed by Vitti et al. (2000) to assess metabolism of this mineral in growing goats. Metabolism of P and Ca are related and similar.
The aim of this study was to extend the Vitti model and apply it to study P and Ca flows in growing sheep, thereby providing a better understanding of the metabolism of these minerals in ruminants. 
MATERIALS AND METHODS

Experimental Procedures
Animals and Diets. The experiment was carried out under approval of the Center of Nuclear Energy in Agriculture Animal Care Committee. Twelve Santa Ines male sheep, 8 mo of age and averaging 31.6 kg of BW, were first allocated to stalls located at the Center of Nuclear Energy in Agriculture, University of Sã o Paulo, for 21 d. The basal diet contained hydrolyzed sugarcane bagasse, corn, soybean meal, a mineral mixture, and urea, and was supplemented with 1 of 3 sources of Ca: limestone, citrus pulp, or oyster shell meal. Also, the basal diet without soybean was supplemented with alfalfa hay as a source of Ca (Table 1) . Thus, there were 4 treatments with differing Ca sources, and 3 animals were fed each treatment. The diets were formulated to meet nutrient requirements of the sheep according to NRC (1985) and to provide the same Ca and P levels. Feed was offered twice daily at 0800 and 1700.
After adaptation, the animals were housed indoors in metabolism cages designed for isotope studies, and each animal was given a single dose, comprising 7.4 MBq of 32 P and 7.4 MBq of 45 Ca in 1 mL of sterile isotonic saline, into the jugular vein before feeding. Radioative P (Na 2 H 32 PO 4 ) was purchased from the Instituto de Pesquisas Energéticas e Nucleares, IPEN, Sã o Paulo, Brazil. Blood samples were withdrawn from the jugular vein at 5 min and at 1, 2, 4, 6, and 24 h after injection and thereafter every 24 h, with the last sample taken at 144 h. From the time of injection, P and Ca balances were recorded daily for 7 d through total collection of feed refusals, feces, and urine, and samples (10% of collection) were stored for subsequent analysis. After the end of the collection period, the sheep were killed by intravenous injection of 0.05 mg of xylazine (Rompum-Bayer, Sã o Paulo, Brazil)/kg of BW.
Analysis of Samples.
Samples of feed and feed refusals were analyzed for DM, CP, P, Ca, NDF, and ADF (Table 2 ). Crude protein was determined by the Kjeldahl method, ADF following AOAC (1995), and NDF according to Mertens (2002) without amylase or sulfite. The samples were analyzed for phytate P according to Latta and Eskin (1980) .
At the end of the 7-d collection period, daily samples of feed ingredients, feed refusals, feces, and urine were bulked, thoroughly mixed, and subsamples were taken. Subsamples of offered feed, refusals, and feces were airdried in a forced-air oven at 40°C for 48 h, ground to pass through a 1-mm screen, and stored for subsequent analyses.
Phosphorus content was determined by colorimetry (Sarruge and Haag, 1974) , and Ca was determined by atomic absorption spectrometry (Zagatto et al., 1979) . Blood samples were centrifuged at 1,100 × g for 10 min, and the plasma was separated. After protein precipitation (1 mL of plasma and 9 mL of 100 g/L of trichloroacetic acid), inorganic P was determined by the method of Fiske and Subbarow (1925) . Daily urine samples (30 mL) were collected and acidified with 12 M HCl to prevent volatilization of ammonia N and were thereafter dried (55°C) and ashed (500°C). Fecal samples were dried at 105°C, ashed at 500°C, and the ash was dissolved in 5 mL of 12 M HCl. Total P was determined using vanadatemolybdate reagents in a colorimetric method (Sarruge and Haag, 1974) .
Radioactivity was measured by liquid scintillation counting and was corrected for decay and quench (Horrocks and Peng, 1971) by the external standard technique (external source channels ratio method; Nascimento Filho, 1977) . Feces samples (1 g) were dried (105°C) and ashed (500°C), and then were dissolved in 9 M H 2 SO 4 for 1 h. Samples of plasma (1 mL), urine (1 mL), and solubilized feces (1 mL) were counted in 10 mL of a scintillation solution using a Beckman Liquid Scintillation Spectrometer (model ls 5000 TA, BeckmanCoulter Inc., Fullerton, CA).
Revised Model
The amended Vitti model is shown in Figure 1 . Like the original, it contains 4 P pools: 1) gut lumen, 2) Figure 1 ). Labeled P was administered intravenously as a single dose (D) at time zero, and the sizes and specific activities of the bone and soft tissue pools were measured after 7 d. The scheme assumes no reentry of label from external sources. Repeated blood sampling allows the instanta- Figure 1 . Schematic representation of the revised model of phosphorus metabolism in growing sheep showing phytate P. F ij represents total P flow to pool i from j, F 10 denotes ingestion of P, F 01 excretion of P in feces, F 02 excretion of P in urine. The flows F 10 , F 01 , and F 21 are partitioned as shown, with superscripts (p), (e), and (n) indicating P of dietary phytate, recycled endogenous, and dietary nonphytate origin, respectively. neous slope of the specific activity decay curve to be determined.
After 7 d, pool 1 (gut lumen) was assumed to be in complete steady state (i.e., isotopic and nonisotopic steady state) and pool 2 (plasma) in nonisotopic steady state. The algebraic solution to the model (following Vitti et al., 2000; see Table 3 for principal mathematical notation) then gives:
[1] 
where the tilde indicates an experimentally determined flow, the specific activity of the pool formed by combining pools 3 and 4 is
and the rate of change of specific activity of pool 2 is
The values of s 2 and R 2 at 7 d were obtained after fitting the equation, s 2 (t) = ae −bt , to the plasma specific activity decay curve, where t (d) is time since administration of dose, and a (dpm/g) and b (per d) 
10 , is measured, then P excretion in feces, F 01 , and P absorption, F 21 , can be partitioned between P sources using the following equations:
[10] 
Statistical Analyses
Experimental measurements of P intake and excretion, total P in bone and tissue, and specific activity were analyzed as a completely randomized design, as were the flows calculated from the model. Variables were subjected to ANOVA using the GLM Procedure of SAS (SAS Inst. Inc., Cary, NC), and the LSMEANS procedure was used to calculate means and standard errors. Regression analysis was carried out using the PROC REG procedure.
A comparison of observed and predicted values of specific activity in plasma for Ca and P, and of phytate (F (p) 01 ) and other P (F (e) 01 + F (n) 01 ) excreted in feces was made using the mean square prediction error (MSPE), calculated as
where n is the number of observations, O i is the observed value, and P i is the predicted value. Root MSPE expressed as a proportion of the observed mean gives an estimate of the overall prediction error. The MSPE was decomposed into error due to random variation (ED), error due to deviation of the regression slope from unity (ER), and error due to central (mean) bias (Bibby and Toutenburg, 1977) .
RESULTS
Phosphorus
Phosphorus intake (F 10 ; Table 4 ) was adequate for growing sheep according to NRC (1985) . Total P excreted Table 3 . F ij represents total P flow to pool i from j, F 10 denotes ingestion of P, F 01 excretion of P in feces, F 02 excretion of P in urine. The flows F 10 , F 01 , and F 21 are partitioned with superscripts (p), (e), and (n) indicating P of dietary phytate, recycled endogenous, and dietary nonphytate origin, respectively. s*= combined SRA of bone and soft tissues. Calcium ingested (G 10 ) and excreted in feces (G 01 ) and urine (G 02 ). in feces (F 01 ; Table 4 ) was greater than intake leading to negative P retention (−1.40 g/d). Total P excreted in feces was separated into dietary phytate P (F Table 5 . Endogenous fecal P was 2.50 g/d, fecal P of dietary phytate origin was 0.68 g/d, and fecal P of dietary nonphytate origin was 1.29 g/d as measured, and these fractions represent 56, 15, and 29% Error due to random variation.
5
Root mean square prediction error expressed as a proportion of the observed mean.
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F 01 = Excretion of P in feces. The superscripts (p), (e), and (n) indicate P of dietary phytate, recycled endogenous, and dietary nonphytate origin, respectively. of F 01 , respectively. Total P excreted in feces was positively related to P ingested, where Table 4 . Predicted and measured values of specific activity in plasma P at 144 h are shown in Table 5 . Flows of P between pools are summarized in Table 6 .
Calcium
We denote Ca flows by the letter G, reserving F for P. Calcium ingested (G 10 ) and excreted in feces (G 01 ) and urine (G 02 ) are summarized in Table 4 Specific activities and Ca contents are summarized in Table 4 . Predicted and measured values of specific activity in plasma Ca at 144 h are shown in Table 5 .
Calcium and Phosphorus
The amounts of P and Ca ingested (F 10 and G 10 ) were the same for all diets, justifying assemblage of the data into a single, combined data set. Diets were representative of 4 treatments, each supplemented with a different Ca source, namely citrus pulp, limestone, alfalfa hay, and oyster shell meal. Data were analyzed to determine if different sources of Ca affected Ca and P kinetics, but no significant effect was found (data are not presented).
The Ca:P ratio present in bone was 1.97 and that present in tissue was 0.17. The Ca:P ratio for mobilization from bone (G 23 /F 23 ) was 2.50 and that for accretion to bone (G 32 /F 32 ) was 2.58. These ratios were correlated as Flows of Ca between pools are summarized in Table 6 .
DISCUSSION
The phytate P present in ingredients was similar to that reported by other researchers for ground corn (Eeckhout and De Paepe, 1994; Viveros et al., 2000) and soybean meal (Morse et al., 1992; Ravindran et al., 1994) . For alfalfa hay, phytate P was greater than reported by Morse et al. (1992) , though it compared closely with that given by Ravindran et al. (1994) for leaf meals. Differences in phytate P in alfalfa hay could be related to factors such as the age of the plant, cultivars, processing conditions, height of cutting, number of observations per feedstuff, as well as analytical methods used (Eeckhout and De Paepe, 1994) .
Phytate P digested (intake minus feces, as measured) was 0.61 g/d, with a digestibility of 47%. This result is lower than some reported in the literature (Skrivanova et al., 2004; Kebreab et al., 2005) .
Predicted values for F 
01 were related to measured values as shown by the MSPE analyses in Table 5 . The ED percentages were 60% for F (p) 01 and 85% for F (e) 01 + F (n) 01 . For both predictions, the bulk of MSPE was due to random variation in the data set. Phosphorus utilization has a large variation among animals (Field et al., 1983; Rapp et al., 2001 ), so it is reasonable to assert that the ED percentages indicate satisfactory prediction. There was slight overprediction for F 01 , respectively. Flows F 21 and G 21 represent total P and Ca flowing from gut to plasma, and the flow was higher for P (Table  6 ). However, P and Ca of dietary origin digested were 1.22 and 1.48 g/d as measured, giving digestibilities of 39 and 30%, respectively, for P and Ca. The low values for P absorption and digestibility are related to low phytate digestibility, which likely influenced Ca absorption and its availability as well.
Phytate P digestibility was higher than dietary nonphytate P digestibility. This may have happened because phytate P can be hydrolyzed in the large intestine, leading to overestimation of phytate P absorption, as this hydrolyzed phytate P is measured as inorganic P in feces (Godoy and Meschy, 2001; Matsui, 2002; Shen et al., 2005) . Moreover, phytate P degraded in the large intestine is unlikely to have nutritional significance for ruminants (Park et al., 2002) because the absorption of P occurs in the small intestine (Pfeffer et al., 1970; Grace et al., 1974; Care, 1994) . At the same time, large intestinal hydrolysis of phytate P would lead to underestimation of the digestion of nonphytate P of dietary origin.
Predicted values for specific activities in plasma P and Ca 144 h after radioisotope injection were very close to observed values as shown by MSPE analysis. Percentages of total MSPE as error due to central (mean) bias, ER, and ED were 3, 18 and 79%, respectively, for P and 4, 21 and 74%, respectively, for Ca. This lends confidence to the projected values for instantaneous specific activities in plasma P and Ca at 168 h after radioisotope injection.
The use of instantaneous values for pool derivatives based on projected specific activities in plasma, rather than the use of average values for derivatives, improves reliability of the model of Vitti et al. (2000) . This claim is supported by the greater flows between plasma and bone than between tissue and plasma (Table 6) . It is well known that 80 to 85% of total P present in an animal's body is present in bone, which represents an important reserve of Ca and P that can be mobilized for animal function. On the other hand, P present in soft tissue can also be mobilized, but in lower proportions. Thus, the revised model more accurately reflects the higher values of P and Ca deposition in and resorption from bone.
Although the animals ingested the required amounts of Ca and P, high excretion of P (F 01 ) and Ca (G 01 ) led to low retention of both minerals. The relationship between F 01 and G 01 suggests formation of a Ca-P complex in feces, which agrees with the observations of ChapuisLardy et al. (2004) , who found that fecal Ca has a major impact on the proportion of water soluble P in total P excreted in feces of dairy cows.
Phosphorus mobilized from bone (F 23 ) was greater than P accreted (F 32 ; Table 6 ). These data are in agreement with Vitti et al. (2000) who, in studying metabolism in growing goats fed different levels of P, suggested that mobilization of P from bone occurs to maintain metabolism in growing animals, which require high amounts of P for their development. However, values for tissue resorption (F 24 ) greater than for absorption to tissue (F 42 ) suggest that, as well as mobilizing P from bone, the animals were mobilizing P from tissue to satisfy requirements. Low P digestion likely impaired utilization of dietary P, leading to P deficiency. According to Valk et al. (2002) , dairy cows mobilize P from body reserves to compensate for excretion of P in milk and feces.
The ratio of Ca:P in bone was 1.97, but the ratios of these minerals being mobilized and accreted in bone were 2.49 and 2.59 g/d, respectively. The ratio in bone approaches the stoichiometry of hydroxyapatite (Ca:P mass ratio 2.15:1.0), the source of mobile P in bone for regulating plasma P. Higher ratios of Ca:P for mobilization and accretion than in hydroxyapatite suggest that, because G 32 was slightly greater than G 23 , the bone mineral could be other than hydroxyapatite. Shapiro and Heaney (2003) reported that rats supplemented with Ca showed higher a Ca:P ratio in their bone, possibly due to amorphous crystals with a large component of calcium carbonate.
Young growing sheep were used in this study, and it is assumed that these animals have good ability to adapt to Ca and P deficiency and that bone resorption and formation can occur simultaneously.
The relationships obtained between Ca:P ratio mobilized and accreted in bone and soft tissue support the claim that these minerals are very closely related, and therefore, it can be assumed that impairment of P digestibility resulted in a lower Ca digestibility. However, the mechanisms involved are not clear, and more research is needed to assess this issue.
Serum P was greater than normal. As serum P is influenced by P mobilization from bone and animals deplete their bone reserves to support their metabolic functions (Wu et al., 2001) , P likely was mobilized from bone to maintain serum P levels. It can also be speculated that high values of plasma P led to high salivary P concentrations. According to Valk et al. (2002) , there is a direct positive relationship between plasma P and salivary P concentrations. Because endogenous P in feces (F (e) 01 ) comes mainly from salivary secretion, it can be argued that P secretion through saliva reflects an attempt to maintain P metabolism, leading to a high proportion of endogenous P in total P excreted in feces (F Excretion of P through urine is considered negligible in ruminants, and it is related to efficiency of absorption and to plasma P concentrations relative to the renal threshold (6.5 to 9.5 mg/dL; Challa and Braithwaite 1988; Challa et al., 1989) . In our study, plasma P was higher than normal (9.3 mg/dL) despite negative P retention. Therefore, it is likely that this favored excretion of P in urine (F 02 ).
IMPLICATIONS
Use of instantaneous rather than average values for pool derivatives improved the Vitti model, rendering outputs from the model more realistic. Despite individual differences, predicted values for phytate phosphorus flows correlated with those observed, serving as starting points for further investigation. Results obtained from the revised model suggest that the animals were phosphorus deficient and that this affected calcium metabolism. The revised Vitti model is suitable for assessing phosphorus metabolism and provides a useful tool for phosphorus studies concerned with animal requirements and environmental impacts.
LITERATURE CITED
